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Abstract

Immunotherapy with checkpoint inhibitors has become the cornerstone of systemic treatment for non-oncogene addicted
non-small-cell lung cancer. Despite its pivotal role, a significant proportion of patients—approximately 70—85%—either
exhibit primary resistance to PD-1 blockade or develop acquired resistance following an initial benefit, even in combination
with chemotherapy and/or anti-CTLA-4 agents. The phenomenon of primary and acquired resistance to immunotherapy
represents a critical clinical challenge, largely based on our incomplete understanding of the mechanisms of action of immu-
notherapy, and the resulting lack of accurate predictive biomarkers. Here, we review the definitions and explore the proposed
mechanisms of primary and acquired resistance, including those related to the tumor microenvironment, systemic factors,
and intrinsic tumor characteristics. We also discuss translational data on adaptive changes within tumor cells and the immune
infiltrate following exposure to checkpoint inhibitors. Lastly, we offer a comprehensive overview of current and emerging
therapeutic strategies designed to prevent primary resistance and counteract acquired resistance.

Only a minority of patients derives long-term benefit
from immune checkpoint inhibitors (ICI), highlighting
our incomplete understanding of the biological mecha-
nisms of anti-tumor immune responses.

Primary resistance could be the result of inadequate
patient selection. Current modalities and timing of ICI-
based combination should be reconsidered, to induce a
responsive, inflamed tumor microenvironment.

Acquired resistance implies adaptive changes in the
cancer—immune system crosstalk. For a deeper insight of
these changes and the development of tailored treatment
strategies, dedicated translational research using longitu-
dinal samples is essential.

P4 Alfredo Addeo
alfredo.addeo@hug.ch

Oncology Department, University Hospital Geneva, rue
Perret-Gentil 4, 1205 Geneva, Switzerland

1 Clinical Context and Definitions
of Resistance to Inmunotherapy

Immunotherapy with immune checkpoint inhibitors (ICI)
has transformed the care and clinical course of numer-
ous cancer types, including non-small-cell lung cancer
(NSCLC). To date, treatment with monoclonal antibodies
blocking the interaction of the co-inhibitory T-cell receptor
PD-1 (programmed cell death 1) with its main ligand PD-L.1
represents the backbone of systemic treatment for non-onco-
gene addicted NSCLC at either advanced and, more recently,
earlier stages of the disease [1]. In the advanced-stage set-
ting, PD-1 blockade is delivered on its own or in associa-
tion with chemotherapy and/or anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) depending on the tumor
proportion score of PD-L1, the only recognized predictive
factor of response to ICI in NSCLC [1].

The breakthrough of ICI compared with traditional
cytotoxic therapies, is the capacity to provide unprec-
edented durable responses that translate into survival
benefit. However, long-term responders represent only
a small fraction. In patients with PD-L1 positive (> 1%)
tumors treated with pembrolizumab alone, the 5-year
overall survival (OS) rate is 15-32%, depending on
the PD-L1 tumor proportion score [2, 3]. Similarly, in
patients receiving nivolumab and ipilimumab 5-year OS
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rates were 15% and 20% in patients with PD-L1 nega-
tive and positive disease, respectively [4]. When chemo-
therapy is combined with PD-1 blockade, the proportion
of patients alive at 5 years was the 19.4% and the 18.4%
in non-squamous and squamous histology respectively
[5, 6], thus suggesting that the association of chemo-
therapy does not provide an additional benefit in terms
of durability of response. Of note, in all of the above tri-
als, the proportion of long-survivors increases to above
80% in patients that completed 35 cycles of treatment,
thus including responders in the absence of moderate/
severe toxicity.

However, the remaining 70-85% of the patients—or
possibly more in the real-life scenario—are refractory
to immunotherapy with PD-1 blockade or eventually
develop acquired resistance after initial benefit, despite
the association of chemotherapy and/or anti-CTLA-4
agents. In a retrospective cohort of over 1000 patients,
acquired resistance was observed in 61% of the cases,
and in half of these (52%), disease progression occurred
within 1 year [7]. Considering the risk of immune-related
toxicity and the financial burden of immunotherapy, pri-
mary and (early) acquired resistance represents a relevant
clinical issue and largely reflects our incomplete under-
standing of the mechanism of action of ICIs.

So far, many criteria for primary and acquired resist-
ance have been proposed [8—12], with the largest consen-
sus being provided by the Society for Immunotherapy of
Cancer (SITC), distinguishing three distinct resistance
scenarios with PD-1 pathway blockade: primary resist-
ance, secondary resistance, and progression after treat-
ment discontinuation for any reason [12]. More recently,
separate criteria have been published by the SITC with
regard to resistance to PD-1 pathway blockade in the
context of combination therapy with other ICIs and
chemotherapy [13, 14]. Irrespective to monotherapy or
combination therapy, according to the criteria described

in Table 1, primary resistance is considered in cases of
disease progression occurring within the first 6 months
from the beginning of IC treatment, while secondary
resistance indicates a disease progression developing
after at least 6 months of ICI, following an initial ben-
efit. In this regard, it is controversial whether to consider
stable disease as prior clinical benefit before developing
acquired resistance, as in the SITC criteria, owing to the
large spectrum of response patterns that fall within the
RECIST criteria for stable disease [11]. Indeed, another
panel of experts, specifically in the setting of NSCLC,
have defined acquired resistance as the occurrence of dis-
ease progression after any objective response (excluding
stable disease), irrespective of the duration of treatment
exposure [11].

Defining resistance after ICI discontinuation, as in
cases of immune-related adverse events or completion of
a planned treatment regimen, takes into account the time
of PD-1 receptor binding to the corresponding mono-
clonal antibodies, which declines after 2—3 months [15].
Therefore, according to the SITC, if disease progres-
sion occurs within 12 weeks after the administration of
the last dose, this is considered as primary resistance,
whereas in cases of disease progression after 12 weeks,
this is considered an acquired phenomenon [8, 11, 12].

As chemo-immunotherapy indication has been
recently extended to the perioperative setting, it will also
be important to define resistance criteria after neoadju-
vant or adjuvant treatment. Even though these criteria are
not yet available, both the SITC consensus and the panel
in Schoenfeld at al. agree that the extent of pathologi-
cal response after neoadjuvant therapy, and longitudinal
biomarkers—such as circulating cell-free tumor DNA or
other immunological factors—upon neoadjuvant or adju-
vant treatment are promising and would need dedicated
prospective studies [11, 14].

Table 1 SITC criteria for primary and acquired resistance to PD-1 pathway blockade in NSCLC, alone or in combination with other ICI (anti-

CTLA-4) or chemotherapy

Primary resistance

Acquired resistance

Immunotherapy alone®

Double immunotherapy®

Chemo-immunotherapy!

6 weeks < PD < 6 months

PD > two cycles of both drugs but < 6 months
PD < 12 weeks after last dose®

6-8 weeks® < PD < 6 months

PD > 6 months after PR/CR/SD

PD > 6 months after PR/CR/SD > 3 months
PD > 12 weeks after last dose?

PD > 6 months regardless of best response

CR, complete response; SD, stable disease; PD, progressive disease; PR, partial response

4Confirmatory scan required at least 4 weeks after PD, if clinically feasible

b After halting therapy in the metastatic disease setting
For rapidly progressing disease, any exposure is adequate

9No confirmatory scan required.
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2 Mechanisms of Resistance
to Immunotherapy Depending
on the Anti-tumor Immunity

2.1 Primary Resistance

From a biological standpoint, primary resistance is meant
as an a priori inability of the host immune system to mount
an effective anti-tumor response upon ICI 8, 9]. This can
occur due to a disruption in the sequence of events regu-
lating a successful anti-tumor immune response, includ-
ing: T-cell priming through optimal tumor antigen pres-
entation, the differentiation of long-term effector CD8* T
cells from stem-like progenitor antigen-specific cells, the
expansion and migration of these and other effector cells,
their accumulation at cancer sites, and effective tumor cell
killing [9, 16]. To identify and develop strategies to pre-
vent or overcome resistance mechanisms, a deeper under-
standing of the factors at play in the tumor microenviron-
ment is essential.

2.1.1 T-cell Phenotypes and Interaction with Dendritic Cells

Immunotherapy with PD-1 blockade operates by ampli-
fying an existing immune response, mediating a prolif-
erative burst of exhausted CD8" T cells, which develop
upon persistent antigen-stimulation, as in the case of
chronic infection and cancer [17, 18]. Exhausted CD8"
T cells are long-lived CD8" T cells with reduced effec-
tor functions (capacity to proliferate, produce cytotoxic
cytokines, and direct cytotoxicity). A hallmark of CD8*
T-cell exhaustion is the overexpression of PD-1, a nega-
tive regulator of T-cell receptor signaling, and of other
markers such as TIM-3, CTLA-4, LAG-3, TIGIT, and
CD39. Tumor infiltration by exhausted CD8* T cells has
long been regarded as a constraint for anti-tumor immu-
nity and response to PD-1 blockade [9]. However, it has
been recently clarified that CD8" T-cell exhaustion is not
a single state, but rather a progressive process comprising
different functional states, recapitulating their develop-
ment and behavior upon PD-1 based immunotherapies [18,
19]. Among those, the self-renewing progenitor subset of
TCF-1* PD-1* CD8* T cells is responsible for the effector
response generated by PD-1/PD-L1 blockade [17, 19, 20].
When stimulated by PD-1/PD-L1 blocking agents, these
progenitors of exhausted cells increase their differentia-
tion and self-renewal, providing a proliferative burst of
effector CD8" T cells with high migratory and cytotoxic
functions [17, 19]. In humans, accumulating evidence is
confirming the association between the density of TCF-17*
PD-1" CD8™ T cells in the tumor microenvironment and

favorable outcomes to immunotherapy across many dif-
ferent tumor types, including NSCLC [21-24]. Therefore,
in their absence, the CD8" T-cell response to PD-1 path-
way blockade cannot be elicited, configurating a scenario
of primary resistance. The reason why certain tumors
are infiltrated by stem-like TCF-1* PD-1* CD8™" T cells
while others are not is unknown, even though preclinical/
translational evidence indicate that their expansion and
differentiation relies on co-stimulation, where dendritic
cells play a key role [25-29].

Dendritic cells are professional antigen-presenting cells
essential for optimal anti-tumor T-cell priming and activa-
tion in the tumor-draining lymph nodes, and to sustain the
differentiation of effector CD8* T cells at tumor sites [27,
30]. The aberrant production of many soluble factors in
the tumor microenvironment can suppress intratumor den-
dritic cell responses, and thereby, CD8" T-cell activation
and effector differentiation [30]. Among these factors, IL-6,
prostaglandin E2, and granulocyte colony stimulating factor
were found to block the development of the dendritic cell
precursors, while IL-10, vascular endothelial growth factor
(VEGF), transforming growth factor beta (TGF-b), IL-6,
and IL-4 inhibited the maturation of conventional dendritic
cells [30]. Furthermore, other immune cells, like CD4* T
regulatory cells have also been shown to interact with, and
potentially inhibit, type 1 conventional dendritic cells in the
tumor-draining lymph nodes [31] and intratumor CCR7™*
dendritic cells [21]. On this matter, in a recent translational
work [21], multiplex RNA-based imaging, protein-based
imaging, and spatial transcriptomics were used to investi-
gate the intratumor immune infiltrate in pre-immunotherapy
tissue from patients with NSCLC. Here, patients reporting
an objective response to later immunotherapy presented
“stem-immunity hubs” in their tumors, which were char-
acterized by aggregates of the above-mentioned stem-like
TCF-17 PD-17 CD8* T cells and macrophages with an inter-
feron-signature, and other aggregates of CCR7* dendritic
cells interacting with regulatory CD4™ T cells. These hubs
resemble tertiary lymphoid structures, which are ectopic
lymphoid structures that develop in chronically inflamed
tissue and have also been associated with immunotherapy
responses [32, 33]. However, they are distinct, owing to the
lack of B-cell follicles and because they are characterized by
a CXCR3-related interferon-gamma (IFN-y) response [21].

2.1.2 Soluble Signals in the Tumor Microenvironment

To generate a successful immune reinvigoration after PD-
1-directed immunotherapy a permissive tumor immune
microenvironment characterized by a baseline inflamma-
tory IFN-y signature is needed [16, 21]. IFN-y is produced
primarily by natural killer cells, T cells, dendritic cells,
and macrophages, and plays a critical role in the antitumor
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immune response by promoting the recruitment, activation,
maturation, and effector function of immune cells, as well
as promoting antigen presentation and apoptosis in tumors
cells [34]. The binding of IFN-y to its heterodimer recep-
tor IFN-yR1/IFN-yR?2 triggers the activation of intracellular
Janus-activated kinases (JAK1 and JAK?2). This leads to the
phosphorylation of the intracellular domains of IFN-yR1/
IFN-yR2 that can then interact with the signal transducer
and activator of transcription factors (STAT), that ultimately
regulates the transcription and expression of various IFN-y-
related genes, including PD-L1 [35, 36]. By interacting with
PD-17 T cells, this phenomenon inhibits antitumor T-cell
responses but may also render these cells susceptible to anti-
PD1/-L1 blockade.

Despite the limitations related to its spatial and temporal
heterogeneity, PD-L1 expression in the tumor microenvi-
ronment is also a surrogate marker to estimate the level of
inflammation at the tumor site [16, 37-39]. PD-L1 can be
innately expressed on tumor cells (discussed below), espe-
cially in the surrounding healthy tissue, and also be induced
by IFN-y exposure as an adaptive protective mechanism to
preserve tissue integrity upon chronic inflammation [16, 39].
In the exploratory translational analysis from the phase I
atezolizumab trial, its combined expression on tumor cells
and in the tumor microenvironment was a better predictor of
response, compared with the sole expression on tumor cells
[38]. However, it still needs to be elucidated if this is also
true for anti-PD-1 agents.

An important factor in primary resistance to immuno-
therapy is the presence of soluble and metabolic factors
that make the tumor “immune desert/excluded”; hinder-
ing T-cell infiltration and their anti-tumor functions [16].
Among the soluble factors, TGF-b is regarded as one of
the most potent immunosuppressive cytokines which are
of vital importance to the maintenance of immune homeo-
stasis and self-tolerance [40, 41]. This pleiotropic cytokine
can be broadly produced by tumors cells, immune cells
(especially macrophages), and stromal cells. In the tumor
microenvironment TGF-b is a master regulator, with broad
immunosuppressive effects on CD8" T cells, blocking
their infiltration and effector differentiation; on CD4% T
cells, where it drives the differentiation into T regulatory
cells and Th17 cells; and on tumor cells themselves, where
TGF-b is deeply involved in epithelial-to-mesenchymal
transition [41]. In the development of immune excluded/
desert tumors, TGF-b, along with mechanical forces,
mediates the differentiation of fibroblasts in cancer-asso-
ciated myofibroblasts that are responsible for the dense
network of matrix fibers organized circumferentially
around immune excluded tumors [16, 42]. This TGF-b-
dependent fibrosis has been associated with poor response
to immunotherapy [43, 44]. In myeloid cells, beyond the
inhibition of dendritic cell maturation mentioned above,
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TGF-b contributes to the polarization of macrophages and
neutrophils in acquiring a tumor-promoting phenotype, the
so-called myeloid-derived suppressor cells [40, 41].

2.1.3 Macrophage Polarity

With the limitations related to the heterogeneous nomen-
clature and the type of characterization, myeloid-derived
suppressor cells usually comprise a monocyte-derived
lineage, consisting of M2 tumor-associated macrophages
and a polymorphonuclear-derived lineage, consisting
of tumor-promoting neutrophils [45]. M2 macrophages
(CD163*7/CD2061/CD204%) infiltrate the tumor micro-
environment at later disease stages, as they are thought
to differentiate from M1 macrophages (CD68"), which
instead dominate the early stages of solid tumor devel-
opment [45]. As highly plastic cells, M1 and M2 mac-
rophages represent the extremities of the same spectrum,
where M1 macrophages present a pro-inflammatory sig-
nature (CXCL9 and CXCL10) and are able to produce
nitric oxide and TNF alfa, whereas, upon chronic inflam-
mation, M2 macrophages produce the anti-inflammatory
cytokines IL-10 and IL-34, and angiogenic factors, such
as vascular endothelial growth factor (VEGF), ultimately
contributing to the formation of a hyper-dense vascular
network that promotes tumor cell growth [45, 46]. M2
macrophages have been found to have a negative prog-
nostic role in NSCLC [47], and their tumor density
(CD163" macrophages) was associated with worse out-
comes after immunotherapy in a retrospective analysis on
pre-immunotherapy tissue from 152 NSCLC cases [48].
However, using transcriptional signatures, this study and
others, highlighted how the M1/M2 classification can be
too simplistic to describe a continuum of biological pro-
cesses. Recently, the polarity of macrophages was rede-
fined based on CXCL9 (pro-inflammatory) or SPP1 (tis-
sue repair gene) expression, with prognostic and potential
immunotherapy predictive value [49]. Macrophages have
also been proposed to play a role in hyperprogressive dis-
ease, a rare form of primary resistance to immunotherapy,
characterized by an accelerated progression and clinical
deterioration early after ICI [50]. Baseline NSCLC biop-
sies of patients developing hyperprogressive disease were
enriched in CD163" PD-L1* M2 macrophages in the
study by LoRusso et al. [51]. With the limitation of using
immune-deficient mice, the proposed mechanism relies
on dysfunctional macrophage activation that favors tumor
growth upon interaction between the Fc receptor on mac-
rophages and the Fc fraction of the therapeutic anti-PD-1
antibody [51]. Similarly, FGF2, an M2 marker was found
to up upregulated in melanoma and NSCLC tumors in
patients who developed disease hyperprogression [52, 53].
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2.1.4 Neutrophils

While the translational evidence for the role of macrophages
influencing response to immunotherapy is limited, a con-
sistent body of literature has explored the contribution of
neutrophils, mostly in the blood [54-56]. Indeed, as mac-
rophages are not present in the blood, their investigation is
limited by tissue availability, notoriously scarce in NSCLC
clinical practice, whereas neutrophils are abundant in
NSCLC tissue and blood. A high neutrophil tumor content,
especially when associated with low CD8" T-cell infiltra-
tion has shown negative predictive value in a small cohort
of patients with NSCLC treated with immunotherapy [57].

In a large retrospective evaluation of patients with
NSCLC, renal cell carcinoma, and melanoma, treated with
immunotherapy with anti-PD1 + anti-CTLA-4 within clini-
cal trials (n = 1344), elevated baseline serum IL-8 was
associated with high neutrophil intratumor infiltration and a
worse prognosis after immunotherapy [58]. IL-8 is a strong
chemotactic agent for neutrophils, and contributes to neo-
angiogenesis and epithelial-mesenchymal transition [58].

In the blood, other studies have shown that high neutro-
phil content, and in particular high neutrophil-to-lymphocyte
ratio (NLR), is negatively associated with response to immu-
notherapy in patients with NSCLC [54, 55]. Even in cases of
high PD-L1 expression (> 50%), a NLR > 4 was shown to
be an independent negative prognostic factor in a large ret-
rospective cohort of patients with NSCLC receiving single-
agent anti-PD-1/PD-L1. The negative prognostic ability of
NLR was further reinforced by the association with poor
performance status and pre-ICI steroid treatment, analyzed
as a composite 3-class prognostic classification tool [59].

Very recently, blood NLR, as a continuous variable, has
been integrated in a six-feature “logistic regression-based
immunotherapy-response score”, which is available online
[60], to predict immunotherapy objective responses across a
variety of primary tumors, including NSCLC. An important
limitation of these studies, is that neutrophils were assessed
as a whole entity, even though accumulating evidence has
shown functionally different neutrophil subsets, including
an IFN-stimulated one [61, 62], associated with favorable
outcomes after immunotherapy in patients with NSCLC in
preliminary findings [63].

A greater understanding of whether myeloid cells are the
primary drivers of resistance—versus merely being associ-
ated with poor response—will be critical for our capacity to
appropriately select patients for treatment with ICIL. In fact,
the fundamental question that needs to be addressed is why
some tumors present this baseline inflamed tumor micro-
environment while others do not, and instead present an
immunosuppressive tumor infiltration. The reason is likely
multifactorial and depends on the type of tumors, systemic
characteristics of the host, and environmental factors. This

is an area of research that is generating significant interest
and is currently under extensive investigation.

2.2 Acquired Resistance

Translational evidence elucidating immune mechanisms
of acquired resistance in NSCLC are scarce. Early findings
in this context indicate that the immune landscape charac-
terizing primary immunotherapy resistance from acquired
immunotherapy resistance can be different. Furthermore,
the available data suggest that the immune mechanisms of
acquired resistance can be varied.

Ricciuti et al. [64] analyzed 82 matched tumor biopsies
of patients with NSCLC before and after immunotherapy,
showing an immune desertification at the time of progres-
sion, with an overall decrease in T cells and PD-1/PD-L1
engagement. In contrast, at about the same time, Memon
et al. [7] showed that tumor progression after the initial ben-
efit of PD-1 blockade presents features of chronic IFN-y
stimulation. Genomic and transcriptional analyses were car-
ried out in 29 patients with available tissue samples at the
time of progression. Compared with patients with primary
resistance, non-surprisingly, acquired resistance was asso-
ciated with higher baseline PD-L1 tumor expression, and
longer post-progression OS. Principal component analysis
on microarray-based whole-transcriptome analyses on pre
and post progression tumor samples (n = 13), revealed that
these sample differed in terms of immune-related genes.
Surprisingly, using a bioinformatic deconvolution tool
(CIBERSORT), an increased CD8* T-cell infiltration was
found in post-progression samples. Similarly, post-treatment
samples were transcriptionally enriched in IFN-y signature,
and upregulation of the GZMA, CXCL9 and B2M genes, all
hallmarks of a sustained immune response to PD-1 blockade.
These paired samples were further segregated into stable
or upregulated IFN-y signatures, after treatment. The use
of whole transcriptomics for analysis did not make it pos-
sible to discriminate if the upregulated IFN-y signature is
tumor or immune-related. This distinction is functionally
relevant, as shown in syngeneic tumor-bearing mice [65 ,
66], where upregulation of the IFN signature in immune
cells disable inhibitory pathways and allows tumor control
of low immunogenic tumors by natural killer cells/innate-
lymphoid cells. On the contrary, increased IFN-signaling in
tumor cells drives T-cell exhaustion. While early upon tumor
development/PD-1 blockade, IFN-y signaling is necessary
for T-cell priming and activation, and to elicit a successful
innate immune response, chronic IFN-y exposure induces a
transcriptional and epigenetic program in tumor cells, mak-
ing them resistant to T-cell killing and generating an adap-
tive and innate immune exhaustion and dysfunction [66—68].

Supporting the notion that acquired resistance does not
imply an immune desertification but instead supplements a
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persistently active immune response, Pai et al. [69] reported
an increased T-cell infiltration in terms of exhausted CD8™
and regulatory CD4* T cells in tumor lesions resected from
patients with NSCLC (oligo)progressing to PD-1 pathway
blockade.

In another small report on seven patients with NSCLC
[70], pre- and post-progression tumor biopsies were ana-
lyzed with spatial mass cytometry, whole-exome sequenc-
ing, and RNA sequencing. Despite high inter-patient hetero-
geneity, two different patterns of acquired resistance were
noted: one associated with increased infiltration of PD-1"
CDS8* T cells, and another one where CD8" T-cell infil-
tration decreased or remained stable. Matched (bulk) tran-
scriptomics was performed in two patients, one with reduced
and one with increased T-cell infiltration. In both cases, a
decreased IFN type I and II was noted, along with upregula-
tion of genes involved in extracellular matrix remodeling.
From the spatial mass cytometry, no major changes in the
myeloid compartment were found across the study popula-
tion, even though this could be related to the limited anti-
body panel used. In this study, it was also proposed that
several progressing tumors presented a decrease or loss in
TCF-17 CD8™ T cells. These cells were interpreted as pro-
genitor stem-like cells, however the co-expression of PD-1
was not assessed, making it difficult to distinguish naive
from memory CD8* T cells [18, 20].

A common limitation of the studies above is the lack of a
control arm of pre- and post-treatment biopsies in respond-
ing patients, so that it cannot be excluded that the immune
changes observed are a result of PD-1 blockade exposure
rather than resistance-driven alterations. These hypothe-
ses-generating findings would need broader translational
confirmation.

Despite the paucity of data, it should be considered that
numerous indirect evidence support the notion that the
efficacy of PD-1 pathway blockade on reinvigorating (pre-
existing) antigen-specific CD8" T-cell effector functions is
intrinsically transient. This was shown mostly in the chronic
infection model of T-cell exhaustion, but also in cancer [17,
71-73]. In a translational study on circulating PD-1* CD8"
T cells longitudinally analyzed after immunotherapy (alone
or in association with anti-CTLA-4 or chemotherapy), the
expansion of circulating PD-1* CD8™ T cells, associated
with clinical response, was observed early after treatment
initiation, but in most cases it started to wane after cycle two
or three [71, 73]. Remarkably, clinical response and OS were
longer in patients in whom the expansion of PD-1* CD8*
T cells was longer. Interestingly, these patients were more
often treated with PD-1-based combination therapies than
PD-1-based monotherapies [73]. CTLA-4 or chemotherapy
combination, may indirectly change the differentiation rate
of stem-like PD-1* CD8* T cells, which is only transitorily
increased by PD-1 blockade [17, 72].
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3 Tumor-Intrinsic Characteristics
of Resistance

3.1 Primary Resistance
3.1.1 PD-L1 and Tumor Mutational Burden

PD-L1 expression by tumor cells still represents the only
biomarker used in the clinic to guide the treatment of
patients with non-oncogene addicted NSCLC. A direct
association exists between PD-L1 expression and the
benefit from PD-1-based ICI, with higher expression
being associated with higher chances of durable response
and prolonged OS in NSCLC [5, 6]. Conversely, PD-L1
expression in < 1% of tumors cells has consistently been
associated with worse outcomes on immunotherapy or
chemo-immunotherapy. PD-L1 expression, however,
presents several limitations, such as spatial and temporal
heterogeneity [74], and a lack of robustness to accurately
determine which patients will benefit from ICI, as a signif-
icant proportion of patients with PD-L1 high tumors do not
respond to immune checkpoints, while some patients with
PD-L1 negative cancers still derive significant benefit.

Beyond PD-L1 expression, several other tumor-intrin-
sic factors have been linked with response to ICI. Tumor-
intrinsic resistance factors thus refer to the genetic, tran-
scriptional, or functional characteristics of the tumor cells
themselves that can influence the response to ICI. Some
tumors intrinsic factors influence indeed the establishment
of the anti-tumor immune response, by affecting tumor
antigenicity, antigen presentation, and T-cell recruitment
and activation. Tumor-intrinsic factors driving resistance
to ICI will be covered below.

Tumor neoantigens represent direct targets for the anti-
tumor immune response. Higher tumor mutational bur-
den (TMB) has been shown to correlate with neoantigen
burden, and T-cell clonality and density in NSCLC [75].
Several studies demonstrated an association between the
response to immunotherapy and TMB, measured by tar-
geted next-generation-sequencing panels [76]. However,
despite the rationale and encouraging preliminary data,
TMB has failed to serve as an accurate and reliable bio-
marker of response to ICI. Specifically, in the Checkmate
227 (tissue-based TMB) and NEPTUNE (blood-based
TMB) trials [77, 78], high TMB was unable to identify
patients who derived significant survival benefits from
double ICI compared with chemotherapy in a prospective
validation setting. These negative findings indicate that the
performance of TMB as a tissue and blood biomarker still
requires optimization. Refined versions of TMB, incor-
porating the detection of genetic alterations at low allele
frequency in blood [79] or epigenetic alterations in tissue
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[80], have been proposed and now warrant prospective
validation.

3.1.2 Genetic Mutations/Rearrangements

The association between neoantigen load and the efficacy
of immunotherapy is further supported by the higher effi-
cacy of ICI across various cancers with deficient DNA
mismatch repair machinery or with polymerase epsilon
mutations [8§1-83]. In NSCLC, as discussed below, higher
neoantigen loads are associated with tobacco exposure, and
smoking history is associated with better responses to ICI
[84, 85]. A low neo-antigenicity thus represents a possi-
ble primary resistance mechanism to ICI. An example is
oncogene addicted NSCLC, which are frequently found in
non-smokers and represent a distinct subgroup of NSCLC
with low TMB and lower T-cell clonality [75]. Oncogene
addicted NSCLC has indeed been consistently associated
with poorer outcomes of ICI, with the possible exceptions
of BRAF, V600E, and MET ex14 skipping mutations among
smokers [86, 87].

Various other genomic alterations have been associated
with intrinsic resistance to ICI. Inactivating mutations of
the serine/threonine kinase 11 (STK11), also known as liver
kinase B1 (LKB1), have been described as a driver of pri-
mary intrinsic resistance to immunotherapy in NSCLC [88,
89]. This effect is observed only in KRAS mutant tumors,
where the co-occurrence of KRAS and STK11 mutations
is associated with distinct immunophenotypes [90]. STK11
functions as a tumor suppressor gene, regulating cellular
metabolism, energy balance, and cellular stress responses
to nutrient deficiency [91]. The underlying mechanism
by which STK11 mutations are driving resistance to ICI
remains poorly understood. One postulated mechanism is
the enhanced production and secretion of lactate by STK11-
deficient tumor cells that could be associated with increased
M2 macrophage polarization and hypofunctional T cells in
the tumor microenvironment [92]. Inactivating mutations of
KEAPI represents another driver of intrinsic resistance to
immunotherapy in NSCLC. Like STK11 mutations, stud-
ies have reported that KEAP1 mutations, especially when
co-mutant with KRAS, are associated with poor response
to ICI [90]. KEAPI is a tumor suppressor gene that under
normal cellular circumstances promotes the ubiquitination
of NRF2 by the CUL3-RBX1 complex and leads to its pro-
teasomal degradation [93]. Under a situation of oxidative
stress, a change in the conformation of KEAP1 alleviates
this process of NRF2 regulation. NRF2 then acts at restoring
the redox cellular balance through its transcriptional regula-
tion of diverse proteins implicated in the cellular antioxidant
response [94]. Inactivating mutations of KEAP1, through the
upregulation of NRF2, are thought to play a role in the anti-
tumor immune response by interfering with the transcription

of cytokines and type I IFN-inducing cGAS/STING signal-
ing [95]. KEAP1 tumors are indeed associated with a low
density of tumor-infiltrating lymphocytes. Furthermore, the
metabolic changes induced by KEAP1 loss and NRF2 acti-
vation might also impact the tumor microenvironment. Other
oncogenic signaling pathways may play a role in primary
resistance to ICI. Epidermal growth factor receptor (EGFR)
mutations in NSCLC, as previously described, lead to a cold
tumor microenvironment, through reduced neoantigens and
other mechanisms that can promote immune evasion, such as
the increased amphiregulin expression (96) that enhances T
regulatory cell activation [97]. BRAF mutations and MAP-
kinase pathway activation have also been shown to favor
cancer immune evasion in melanoma, through an increase
expression of IL-6 and IL-10 [98]. PTEN loss and the result-
ing activation of the PIK3 signaling pathway has been asso-
ciated with poorer responses to anti-PD1 therapy in patients
with melanoma [99]. In in vivo models, PTEN loss resulted
in an enhanced production of immunosuppressive cytokines
and a reduction in T-cell infiltration and T-cell anti-tumor
activity [100]. Wnt/B-catenin oncogenic signaling represents
another pathway that may hinder anti-tumor responses. In
metastatic melanoma, WntT/p-catenin activation corre-
lates with an immunosuppressive microenvironment [101],
through the reduced tumor secretion of the cytokine CCLA4,
which normally promotes the recruitment and activation of
immune cells. Among other genomic alterations, the loss of
9p21.3, which contains CDKN2A/B and MTAP genes, has
also been linked to resistance to immune checkpoint inhibi-
tors [102]. The postulated mechanisms rely on the down-
regulation of T-cell recruitment, expansion, and activation
through a decrease in the production of several cytokines,
such as XCL13, CXCL9, XCL2, and CCLS5, and the upregu-
lation of immunosuppressive factors: PVR, TGF-b 1, CD73,
VEGFA, and B7-H3.

3.1.3 Downregulation of Interferon-y Signaling
and Antigen Presentation

Resistance to IFN-y signaling may represent another mecha-
nism of intrinsic primary resistance of cancer cells to immu-
notherapy [34]. Beyond PD-L1 expression discussed above,
alterations in the IFN-y signaling pathway in cancer cells,
such as inactivating JAK1 and JAK2 mutations, have been
reported as potential mechanisms of resistance to immune
checkpoint inhibitors [103—-105]. While there is substantial
evidence supporting IFN-y's role in anti-tumor immunity,
numerous studies have reported that IFN-y may promote
tumor growth in certain conditions [106]. As discussed
above, the type of cells with an IFN-y signature, as well as
the magnitude and time of exposure to IFN, that makes a
difference in the type of immune response elicited [65-67].
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Another mechanism by which tumor cells can escape
T-cell-mediated killing is by reducing the expression of
major histocompatibility complex (MHC) molecules on
their surface. Downregulation of beta-2-microglobulin has
been described as a mechanism of resistance to immune
checkpoint inhibitors, through mutations of the beta-2-mi-
croglobulin gene [9, 107]. This leads to inefficient antigen
presentation by the MHC complex. These mutations have
been shown to arise in tumor evolution under the pressure
of the immune system, even without immunotherapy treat-
ment [108].

3.2 Acquired Resistance

Some of the mechanisms of resistance, similar to the intrin-
sic tumor mechanisms described above, can be acquired by
the tumor under the pressure of PD-1-based immunotherapy.
In their analysis of 82 patients with matched pre- and post-
immunotherapy biopsy, Ricciuti et al. found that common
genomic alterations associated with resistance to immune
checkpoint inhibitors emerged at treatment progression,
such as inactivating mutations in STK11, KEAP1, JAK1/2
and B2M, or activating mutations in MAPK, PI3K/Akt/
mTOR, and Wnt/p-catenin pathways [64]. Interestingly, a
decrease in MHC class-1 expression at the time of acquired
resistance to immune checkpoint inhibitors was also found.
Similar findings in the acquisition of genomic alterations
upon progression on immune checkpoint inhibitors were also
described by Memon et al. [7].

4 Systemic Factors

In its complexity, the immune system is regulated by several
intrinsic host-related factors that can influence the capacity
to recognize antigens and the type of adaptive and innate
immune response generated.

4.1 Sexual Dimorphism

Sexual dimorphism in the immune system is a well-estab-
lished phenomenon, even if the underpinnings are not
fully understood. The greater susceptibility of women to
autoimmune diseases could be accompanied by enhanced
immune surveillance against various tumor types [109]. In
fact, females overall have a lower risk and better survival
than males in multiple types of cancer that are unrelated to
reproductive function [109]. These sex-based differences in
immune responses are likely influenced by a combination
of genetic, hormonal, and environmental factors. Interest-
ingly, both estrogen and androgen receptors are present on
immune cells [109]. In murine models, the activity of the
androgen receptors promotes neutrophil production and
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restrains T-cell proliferation [110]. Moreover, 17f-estradiol
has been shown to regulate the expansion of T regulatory
cells, at least in part through the regulation of the FOXP3
gene, which is X-linked [109].

In this context, sex has also been reported to influence
ICI response. Most studies conclude that female sex confers
a primary resistance to immunotherapy, but others, either
do not show any difference, or prove the opposite [111].
According to recent translational evidence, the mechanisms
of immune dysfunction in NSCLC can vary across sexes
[112]. The tumor microenvironment in females more often
presents features of chronic inflammation, characterized by
greater T-cell exhaustion and higher abundance of myeloid
immune-suppressive cells, cancer-associated fibroblasts, and
regulatory T cells. In contrast, males more often present a
T-cell—excluded tumor microenvironment, probably as a
consequence of impaired neoantigen presentation. In two
metanalyses from NSCLC clinical trials [113, 114], the same
authors suggest that females derive a higher magnitude of
benefit from chemo-immunotherapy compared with chem-
otherapy, whereas the magnitude of ICI as single agents
seems to be higher in males. However, it must be consid-
ered that many clinical trials demonstrated the efficacy of
ICI in female cancers, such as cervical cancer, endometrial
cancer, and breast cancer [115-117]. Dissecting the predic-
tive role of gender in cancer immunotherapy is limited by
many societal and biological aspects. First, females are often
underrepresented in clinical trials. Second, as mentioned
above, females have a lower incidence and better prognosis
in several cancer types [109]. Healthcare access and daily
habits also differ between males and females and should also
be taken into account [113, 118].

4.2 Intestinal Microbiota and Metabolism

The intestinal microbiota is an important environmental
component that regulates the immune system. Several stud-
ies in melanoma have assessed the impact of gut microbiota
on tumor immune control. A significant impact of certain
gut bacteria on tumor growth and response to checkpoint
inhibitors was first seen in mice [119]. These data were con-
firmed in human patients with melanoma, who also showed
improved tumor control and higher response rates for those
harboring a highly diverse gut microbiota, rich in Faecali-
bacterium as opposed to a low diversity rich in Bacteroi-
dales [120]. Modification of the tumor microenvironment
and increased T-cell efficiency are likely underlying mecha-
nisms according to the authors. A study with 16 patients
with melanoma went a step further and described a sensi-
tization of tumor cells to PD-L1 therapy after fecal trans-
plant (from responders to non-responders) in six patients
[121]. It could explain why Routy et al. described a nega-
tive impact of antibiotics during immunotherapy through
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dysbiosis [122]. The authors explain that the microbiome
alterations induced by antibiotics reduced response rates
to PD1 blockade. Fecal transplantation of antibiotic-naive
responder mice to antibiotic-treated mice improved PD1-
blockade sensitivity. Decreased progression-free survival
(PFS) and OS were also observed in patients with renal cell
carcinoma and non-small cell lung cancer treated with PD1-
blockade who received antibiotics compared with patients
who did not [123, 124].

Obesity has also been found to negatively impact the
immune system, possibly explaining the worse prognosis
in obese patients with cancer [125]. However, when focus-
ing on the efficacy of checkpoint inhibitors in obese and
non-obese patients, results proved the opposite, with better
outcomes for obese patients [126]. Some evidence suggests
that obesity itself is not associated with immunotherapy
resistance, but rather lipid metabolism [127]. Cell mem-
branes and intracellular signaling pathways require lipids,
including cholesterol. Low cellular cholesterol levels reduce
CD8* T-cell signaling. Increasing cellular cholesterol levels
could improve CD8" T-cell function. Avasimibe, an ACAT1
inhibitor that was studied for atherosclerosis, increases
plasma membrane cholesterol, upregulating CD8* T-cell
signaling and function. In mouse models of lung cancer and
melanoma, avasimibe showed anti-tumor activity that was
increased by the association with PD1-blockade [128]. As
mentioned above, a bad lipid profile seems to induce resist-
ance to immunotherapy through a double mechanism. On the
one hand, oxidized low-density lipoprotein decreases CD8”
T-cell function and on the other, it increases heme oxygenase
1 in tumor cells, conferring resistance to reactive oxygen
species and thus, to apoptosis. The latter could be the target
of a new drug to be combined with checkpoint inhibitors
to bypass this resistance mechanism [127]. Maintaining a
favorable lipid profile might also be important to improve
immunotherapy efficacy.

4.3 HLA Genotype

Human leukocyte antigen class I (HLA-I) is involved in cell
interactions required for immune checkpoints. There are
many different subtypes of HLA-I, and each of us harbors
two copies. One can either be HLA-I homozygote or het-
erozygote. It is postulated that HLA-I heterozygosity con-
fers a better response to immunotherapy because a wider
panel of tumor antigens can be presented and elicit a tar-
geted immune response. The correlation is even stronger
when HLA-I heterozygosity is associated with a high tumor
mutational burden. Apart from the hetero- or homozygosity,
the response to immune checkpoint inhibitors is influenced
by HLA-I supertypes; HLA-B44 correlates with a better
response, whereas HLA-B62 a worse one [129] (Fig. 1)

5 Treatment Strategies to Prevent/
Overcome Primary Resistance

Primary resistance to ICI is defined as a lack of initial
tumor response and no clinical benefit. As discussed previ-
ously, a significant proportion of patients exhibit primary
resistance to these treatments. Developing strategies to
overcome this resistance is essential to improving thera-
peutic outcomes. Various approaches have been investi-
gated over recent years. The most notable endeavor in the
past few years has been focused on combination therapies
aimed at increasing the proportion of patients responding
to PD-1-based immunotherapy. A summary of published
and ongoing trials is provided in Tables 2 and 3.

5.1 Targeting the Tumor Microenvironment

Anti-angiogenic therapy has been the first anti-tumor strat-
egy targeting the tumor microenvironment, and its com-
bination with first-line chemo-immunotherapy is already
in use, based on the positive results of the Impower 150
clinical trial. Here, the combination of atezolizumab,
bevacizumab, and doublet platinum-based chemotherapy
demonstrated an improvement in outcomes compared with
the bevacizumab and chemotherapy arm [130]. Ensuing
studies have tested other approaches based on newer anti-
angiogenics, with inconsistent results. In a small phase II
trial, the combination of camrelizumab (anti-PD1) plus
low dose apatinib, an oral tyrosine kinase inhibitor target-
ing the VEGF receptor-2, demonstrated notable efficacy as
a first-line treatment for advanced non-squamous NSCLC,
regardless of PD-L1 expression. The objective response
rate (ORR) was 40%, with a median PFS of 9.6 months
[131]. Lenvatinib plus pembrolizumab did not show any
benefit compared with pembrolizumab alone for PD-L1 >
1% NSCLC in the LEAP-007 trial [132]. Ivonescimab is a
bispecific antibody targeting VEGF and PD-1 under inves-
tigation in patients with positive PD-L1 (> 1%) NSCLC in
the phase III HARMONI-2 trial. In a recent press release,
it was reported that ivonescimab had an improved PFS
compared with pembrolizumab [133].

As the presence of TGF-f in the tumor microenviron-
ment is associated with immune suppression (Sect. 2.1),
inhibitory agents have been developed and tested in clini-
cal trials. Vasctosertib, a novel TGF-p1 type I receptor
kinase inhibitor is currently being investigated in com-
bination with pembrolizumab as a first-line treatment for
NSCLC with a PD-L1 score > 1% in an ongoing phase II
study that is still recruiting (NCT04515979).

As it has become increasingly recognized that the
IFN-signature is fundamental in regulating the balance
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Mechanisms of resistance to PD-1 based immunotherapy
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Fig.1 Graphic summary of the mechanisms of resistance to immu-
notherapy strategies based on PD-1 pathway blockade. Mechanisms
of resistance include a lack of T cell-dendritic cell interaction; a
hostile tumor microenvironment; adaptive cancer immune escape;
low immunogenicity/cancer mutations; and systemic factors. HLA,
human leukocyte antigen; IFNARI-2, interferon-a receptor 1-2;

between immune stimulation and immune suppression,
agents modulating IFN-y signaling were recently tested.
As mentioned in Sect. 2.1, the intracellular activation of
JAKI1 and JAK2 upregulated the expression of various
IFN-y-related genes. JAK inhibitors are immuno-modu-
lating drugs already approved for several hematological
and rheumatological conditions, including graft-versus-
host disease [134]. They have been previously tested as
single agents or in combination with chemotherapy for
several malignancies, with negative results [135-137]. A
small phase II academic trial on 21 patients is assessing if
the temporary administration of itacitinib, a JAK-1 inhibi-
tor, can enhance the effectiveness of anti PD-1 treatment in
patients with PD-L1 high NSCLC (NCT03425006). As the
opposing effects of IFN-y rely on a temporal component
that activates immune responses early but inhibits these
responses at later times, itacitinib was given from the third
cycle of pembrolizumab until the fifth cycle. The preclini-
cal findings, clinical and translational results were recently
published by Mathew et al. [138], who observed durable
and high tumor responses accompanied by reduced inflam-
matory signals. In responding patients, a circulating sub-
set of CD8* T cells, resembling the stem-like progenitor,
was identified, with signs of enhanced plasticity. Notably,
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preliminary favorable results of the delayed administration
of JAK inhibitors to PD-1 blockade have been simultane-
ously reported for non-Hodgkin lymphoma [139]. These
preliminary results would need validation in phase III tri-
als, To the best of our knowledge, currently no ongoing
trial is currently testing JAK inhibitors in non-oncogene
addicted NSCLC.

5.2 Targeting T-cell Co-stimulation
and Co-inhibition

In recent years, the discovery and understanding of addi-
tional immune checkpoints (e.g., TIGIT, LAG-3, and TIM-
3) have enabled the development of numerous promising
investigational monoclonal antibodies, either alone or in
combination with anti-PD1, anti-PD-L1, or anti-CTLA-4
therapies. These approaches aim to modulate various aspects
of the immune response and overcome primary resistance
to immunotherapy.

Since the combination of ipilimumab and nivolumab
has demonstrated a survival benefit compared with chemo-
therapy alone in the CheckMate 227 trial [4], ipilimumab
plus pembrolizumab were recently tested, compared with
pembrolizumab alone, in NSCLC with PD-L1 > 50%, with
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Table 2 Published trials in the setting of primary resistance
Trial name/code Phase Treatment strategy Num- ORR DCR Median PFS Median OS
ber of
patients
Impower 150 [130] III Carboplatin, 1040 63.5% (ABCP) 85% (ABCP) 8.3 (ABCP) versus 19.5 (ABCP) versus
paclitaxel, versus 48% versus 82.7% 6.8 months 14.7 months
atezolizumab (BCP) (BCP) (BCP), (BCP), HR =
(ACP), ACP plus p <0.001 0.80, and 19
bevacizumab months (ACP)
(ABCP), carbo- versus BCP group,
platin, paclitaxel, HR =0.84
bevacizumab
(BCP).
NCTO03083041[131] I Camrelizumab and 25 40% 92% 11 months NR
apatinib
LEAP-007 [132] 11 Pembrolizumab 623 40.5% versus - 6.6 versus 4.2 14.1 versus 16.4
and lenvatinib 27.7% months, months, p = 0.79
versus placebo p =0.006
NCT02119650 I Ruxolitinib or 63 30.8% versus 41% versus 48.6% — 7.5 versus 5.9
placebo plus 35.1% months, p = 0.76
cisplatin, pem-
etrexed
KEYNOTE 598 11 Pembrolizumab 568 45.4% in each 70% versus 71% 8.2 vs 8.4 months 21.4 versus 21.9
[140] plus ipilimumab group months, p =0.74
or placebo
POSEIDON [141] I CT plus dur- 1013 38.8% versus - 6.5 (CTDT) versus 14 months (CTDT)
valumab, 41.5% versus 4.8 months versus 11.6
tremelimumab 24.4% (CT) and 5.5 months (CT),
(CTDT), (CTD) versus and 13.3 months
or CT plus dur- 4.8 months (CTD) versus 11.6
valumab (CTD) , (CT) months (CT)
or CT

CT, chemotherapy; DCR, disease control rate; NR, not reached; ORR, objective response rate; OS, overall survival; PFS: progression-free sur-

vival.

Table 3 Ongoing trials in the setting of primary resistance

Trial name/code Phase Treatment strategy Expected
number of
patients

HARMON:i-2 1 Ivonescimab, pembrolizumab 398

NCT04515979 1I Vactosertib 55

NCT03425006 I Pembrolizumab, itacitinib 23

NCT04623775 11 Relatlimab, nivolumab 468

NCT06162572 I Cemiplimab, S095018 (anti-TIM3 antibody), S095024 (anti-CD73 antibody), 176

or S095029 (anti-NKG2A antibody)
NCT04294810/SKYSCRAPER-02 1 Tiragolumab or placebo, atezolizumab 620
NCT04619797/SKYSCRAPER-06 /1T Tiragolumab or placebo, atezolizumab and carboplatin/cisplatin-pemetrexed 542

negative results on both PFS and OS [140]. The phase III
POSEIDON study investigated tremelimumab, another
anti-CTLA-4, plus durvalumab and chemotherapy; dur-
valumab plus chemotherapy; versus chemotherapy alone.
Chemotherapy plus durvalumab improved PFS versus
chemotherapy alone, but not OS, which was the co-primary

endpoint. The addition of tremelimumab to durvalumab
and chemotherapy improved both PFS and OS compared
with chemotherapy alone (secondary endpoint). Notably,
the study was not designed to compare the immunotherapy-
containing arms [141]. More recent evidence suggests that
some specific subgroups associated with poor response to
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anti-PD1/L1 therapies, such as patients with KEAP1 and/or
STK11 inactivating mutations, might derive more benefit
from the addition of an anti-CTLA-4. In a post-hoc explora-
tory analysis of the POSEIDON trial, Skoulidis et al. showed
that patients with KEAP1 and/or STK11 mutations seemed
to derive some benefit from the addition of CTLA-4 block-
ade to anti-PD-L1 and chemotherapy [142]. In lung cancer
mouse models, they further demonstrated that STK11 and
KEAPI1 mutations were associated with an enrichment of
CD4* T cells and myeloid cells. Compared with anti-PD1
alone, the addition of an anti-CTLA-4 led to significantly
better tumor regression in models with STK11 and KEAP1
mutations, supposedly owing to a CD4 T-cell-mediated
activation and a shift in the myeloid compartment toward
potentially tumoricidal iNOS™ cells.

TIGIT (T-cell immunoreceptor with Ig and ITIM
domains) is an immune checkpoint receptor that inhibits T
cell and natural killer cell activity [143]. SKYSCRAPER-01
is an ongoing randomized, double-blinded phase III study
evaluating the anti-TIGIT tiragolumab combined with ate-
zolizumab versus atezolizumab alone, as a first-line therapy
for high PD-L1 locally advanced or metastatic NSCLC.
Preliminary data from interim analyses and press releases
indicate that its co-primary end point of PFS has not been
met. The data for OS are immature but the estimated median
is numerically better in the combination arm (22.9 months
versus 16.7 months), with a hazard ratio of 0.81 [144].

Furthermore, in the phase II-III SKYSCRAPER-06 trial,
the combination of tiragolumab with atezolizumab and
chemotherapy showed reduced efficacy in both PFS and OS
compared with pembrolizumab and chemotherapy in non-
squamous NSCLC, according to a recent press release [145].

LAG-3 (Lymphocyte-Activation Gene-3) is an immune
checkpoint receptor expressed on the surface of T cells, reg-
ulatory T cells, and natural killer cells. Relatlimab, a LAG-
3-blocking antibody, in combination with nivolumab, dem-
onstrated a greater benefit compared with nivolumab alone
in untreated metastatic or unresectable melanoma [146].
A randomized phase II study investigating the addition of
relatlimab to nivolumab-chemotherapy versus nivolumab-
chemotherapy as the first-line treatment for metastatic
NSCLC is currently underway (NCT04623775).

TIM-3 (T cell immunoglobulin and mucin-domain-con-
taining-3) is a transmembrane protein mostly expressed on
T cells, but it is also present on NK cells, macrophages and
on cancer cells of various malignancies including NSCLC
[147, 148]. Its overexpression on CD8" T cells is a well-
known marker of exhaustion and has been associated with
a poor prognosis [149]. While other anti-TIM-3 agents have
been tested in the second line setting, upon progression to
immunotherapy (see Sect. 6.2), the combination of S095018
(anti-TIM3) and cemiplimab (anti-PD1) for treatment-naive
NSCLC is open but not yet recruiting [150].
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As discussed above, co-stimulatory signals, such as those
mediated by CD28 and 4-1BB, are crucial for the activa-
tion and proliferation of CD8* T cells. The manipulation of
these signals through therapeutic agents can potentiate the
immune system’s capacity to recognize and destroy tumor
cells thus potentially improving the ability to overcome
immunotherapy resistance. 4-1BB (or CD137) is a co-stim-
ulatory receptor expressed primarily on activated T cells,
NK cells, and dendritic cells. Upon binding to its ligand,
4-1BBL, 4-1BB provides critical signals that enhance T-cell
proliferation, survival, and effector functions [151]. In
immunotherapy-naive patients, urelumab, a 4-1BB agonist,
in combination with pembrolizumab, showed disappointing
activity in advanced NSCLC [152]. The accrual is complete,
but the results have not yet been published. ICOS (CD278)
is another co-stimulatory receptor of the CD28 superfamily
that is expressed on the surface of activated T lymphocytes.
A phase II study investigated the combination of pimivali-
mab (anti-PD1) and vopratelimab (JTX-2011), an ICOS
agonist, in adult subjects with metastatic NSCLC who were
immunotherapy naive. The development of pimivalimab
has been discontinued and the results have not been pub-
lished (NCT04549025). Numerous studies have also been
conducted with OX40 (CD134) agonists, a member of the
TNF receptor family, either as monotherapy or in combi-
nation with anti-PD1 or anti-CTLA-4 agents, also yielding
modest results.

These negative data consistently indicate our incomplete
understanding of the anti-tumor immune response, at steady-
state and upon PD-1-based immunotherapies, and highlight
the need to reconsider the current modalities to manipulate
T-cell co-stimulation and co-inhibition.

6 Treatment Strategies to Overcome
Acquired Resistance

Several efforts have been made to overcome acquired
resistance to checkpoint inhibitors, with in general poor
results so far. In Tables 4 and 5, an overview of recently
published or ongoing trials in the setting of acquired resist-
ance is provided. Most of the study drug(s) were compared
with docetaxel, the current standard of care upon failure of
chemo-immunotherapy.

6.1 Targeting the Tumor Microenvironment

Upon progression to first-line strategies based on PD-1/
PD-L1 blocking therapies, targeting the tumor microenvi-
ronment has been regarded as the most promising strategy,
however, results were mostly disappointing in three recently
published phase III studies.
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Table 5 Ongoing trials in the setting of acquired resistance

Trial name/code Phase Treatment strategy Expected
number of
patients

SAFFRON-301/NCT04921358 I Tislelizumab-sitravatinib versus docetaxel 420

PRAGMATIC-LUNG/ NCT05633602 I Pembrolizumab-ramucirumab versus SoC chemotherapy 700

NCT04496674 I CC-1 (bispecific antibody PSMAxCD3) in squamous lung cancer 10-72

NCT06060613 i Membrane bound IL-15 expressing tumor-infiltrating lymphocytes 52

(OBX-115) + acetazolamide
NCT05060796 I CAR-T anti EGFR 11

Sitravatinib is a double inhibitor of TAM receptors
(TYRO3, AXL, and MERTK) involved in M2 macrophage
polarization, and VEGRF2. Its combination with nivolumab
was compared with docetaxel in patients progressing to
chemo-immunotherapy in the phase III SAPPHIRE trial.
Despite the good safety profile, no significant improvement
in OS was found [153]. Another trial testing its association
to tislelitumab is ongoing (NCT04921358).

Similarly, the associations of other multi-angiogenetics
such as cabozantinib or lenvatinib respectively with atezoli-
zumab or pembrolizumab failed in the same setting [154,
155].

TGF-p has been a target for the development of new
molecules also upon failure of PD-1 based immunotherapy.
Bintrafusp alfa, a first-in-class bifunctional fusion protein
composed of the extracellular domain of TGF- b receptor
IT with an anti-PD-L1, was developed and tested in a phase
I trial, with low objective response rate and over 20% of
severe toxicity [156].

Despite these disappointing results, preliminary evidence
from at least two studies showed potential benefit. Bemcen-
timab is a selective inhibitor of AXL, belonging to family
of TAM receptors on macrophages and other innate immu-
nity cells. This antibody was combined with pembrolizumab
in an open label single-arm study. This trial enrolled three
cohorts, one of which involving patients progressing after
chemo-immunotherapy, and showed an interesting survival
results for patients whose tumors had AXL expression > 5
or KRAS mutations [157, 158]. The second phase II rand-
omized study showed a survival benefit for ramucirumab and
pembrolizumab over docetaxel or other investigator-chosen
chemotherapies [159]. A phase III trial testing the same
combination is ongoing (Pragmatica-Lung, NCT05633602).

It is worth mentioning a small ongoing phase I-1I study,
testing the addition of dupilumab, an anti-IL-4Ra monoclo-
nal antibody, in patients with NSCLC refractory or resistant
to single-agent PD-1 based immunotherapy, which is con-
tinued upon disease progression [160]. Dupilumab, which
is already used for various atopic conditions was found
to inhibit monocyte-derived macrophage development by
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blocking basophil-derived IL-4. In a translational prelimi-
nary report on six patients treated, one achieved a deep par-
tial response, while in three patients undergoing longitudinal
biopsies, tumor remodeling with expanded CD8* T cells
and LAMP3 dendritic cells were observed post-treatment
[36 days] [160].

6.2 Targeting T-cell Co-stimulation
and Co-inhibition

Enhancing co-stimulatory signals is another possible strat-
egy to overcome acquired resistance, but interesting results
in this field are lacking.

One phase I/II study with single-agent utolimumab, a
4-1BB/CD137 agonist, showed good tolerability but dis-
appointing efficacy (DCR 50% with ORR 0%, mPFS 3.6
months) in 20 patients with NSCLC progressing under PD-1
based immunotherapy. Based on supplementary material,
only two patients with NSCLC treated with utolimumab met
the criteria for acquired resistance and the response to treat-
ment was not evaluable [161].

A recently published abstract from a randomized phase
II/IIT study showed a potential benefit for the combination
of N-803, an IL-15 superagonist, and pembrolizumab versus
standard of care chemotherapy in 71 patients with acquired
resistance [162]. Although OS was not statistically different
between the two groups (HR: 0.73, p = 0.32), a numerical
OS difference was seen at 1 year (44% versus 25%), warrant-
ing further research and biomarker analysis.

In the context of acquired resistance, blockade of other
co-inhibitory receptors, in particular with TIM-3, raised
considerable enthusiasm. Following the positive results of
the phase I trial [150], cobolimab, and other TIM-3 agents
are underway in phase I-II trials, mostly in association with
PD-1 blockade.

6.3 Beyond Checkpoint Blockade

Other interesting strategies to overcome immunotherapy
resistance are cellular and vaccine therapies.
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The latter approach is supported by the data of the ATA-
LANTE-1 study, which tested the OSE2101 cancer vaccine
versus chemotherapy in a randomized phase III trial [163].
Although a statistical survival benefit was met for patients’
subgroups with acquired resistance, this was an outcome
defined after multiple protocol adaptions, which have not
made it a practice-changing trial.

Tumor-infiltrating lymphocyte-based therapies are an
interesting approach in the context of acquired resistance.
A previous phase I publication demonstrated the feasibility
and promising efficacy of this treatment in selected patients
progressing under nivolumab, even if they were mostly
anti-PD-1 refractory [164]. In a recent phase II study, of 28
patients treated, 21 had acquired resistance to immunother-
apy. In this study, lifileucel showed an overall response rate
of 21.4% with 79.2% of patients experiencing a reduction in
tumor burden [165].

Finally CAR-T cells are still a matter of interest in solid
tumors, with some ongoing trials with different targets such
as mesothelin, prostate stem cell antigen (PSCA), MUCI1,
or EGFR in patients with NSCLC [166, 167].

7 Concluding Remarks

Treatment with ICI has introduced a paradigm change for
cancer care, showing that instructing the immune system to
recognize and selectively eliminate cancer cells can provide
long-term responses with limited impact on the quality of
life of patients. As indicated by the translational and clini-
cal evidence discussed here, the pursuit of a universal and
durable anti-tumor control upon ICI is an intricate and pro-
longed endeavor.

Primary resistance is a consequence of inadequate patient
selection. Understanding why certain tumors possess a
baseline IFN-stimulated microenvironment, while others
do not, would enable the design of strategies to convert an
immunosuppressive tumor infiltrate into an inflamed, ICI-
responsive one. Acquired resistance, instead, arises from
various events, particularly adaptive changes in the tumor
microenvironment. To tackle this, dedicated research is
needed. Longitudinal assessments of clinical samples are
necessary to dissect tumor heterogeneity and evolution, as
well as to understand the stromal and immune remodeling
induced by IClIs.

At present, the recent efforts in preventing primary
resistance and overcoming the acquired one, have shown
limited efficacy in clinical trials, suggesting that the thera-
peutic potential of ICIs has reached a plateau, at least in
the realm of NSCLC. However, the numerous knowledge
gaps in ICI biology indicate considerable room for improve-
ment. In particular, to timely detect primary and acquired
resistance, interesting perspectives regarding the use of early

biomarkers of response, such as circulating tumor DNA for
tumor burden kinetics, and IFN-y signatures [168]. These
tools offer additional advantages in exploring tumor evolu-
tion and examining immune remodeling under therapeutic
pressure, respectively.

Moreover, the early identification of resistance would
enable response-directed tailored combination strategies
[169]. Growing attention has been dedicated to the immu-
nological effects of conventional treatments such as surgery,
chemotherapy, and radiotherapy given in combination with
ICI. Accordingly, it has been appreciated that the modalities
and timing of these combination therapies should be recon-
sidered to unfold their optimal anti-tumor potential [170].

In conclusion, we believe that a more in-depth under-
standing of cancer—-immune crosstalk, at steady-state and
during ICI intervention, will enable a shift from empirical
combination therapies to the design of clinical trials testing
more rational, biomarker-based immunotherapy strategies.
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